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Abstract
The nuclear quadrupole moments of neutron-rich sodium isotopes are being investi-
gated with the help of in-beam polarization by optical pumping in combination with
-NMR techniques. First measurements have yielded the quadrupole splittings of









action constants and ratios of the electric quadrupole moments are derived. In view
of future experiments, -decay asymmetries for the sequence of isotopes up to the
N = 20 neutron shell closure,
26 31
Na, have been measured.
(IS 304)
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Introduction
Studies of the properties of very neutron-rich sodium and magnesium isotopes
around the neutron number N = 20 have revealed peculiar features. A series of
experimental and theoretical investigations has been initiated by the direct mass
measurements on sodium isotopes [1, 2]. Binding energies much larger than pre-





the subsequent observation of a remarkably low-lying level in
32
Mg, assigned to a
2
+
state [4], have been interpreted as an evidence of deformation. The recently
measured large B(E2) value [5] conrms this conclusion. Laser spectroscopy mea-
surements of the changes in mean square charge radii for the sodium isotopes up to
31
Na [6] indicate a considerable increase of hr
2
i at A = 29 which is also in accordance
with this interpretation.
Theoretically, the nuclear deformation at N ' 20, Z ' 10   12, increasing the
binding, is caused by np-nh neutron excitations to the fp-shell. This has been
shown from Hartree-Fock calculations [7] as well as from shell-model calculations
using an extended model space [8, 9]. Compared to former calculations restricted to
the sd-shell and describing nuclei closer to stability quite well [3], the latter could
improve the agreement with the experimental binding energies signicantly.
A measurement of the electromagnetic moments is important for the understanding
of nuclear structure, particularly in view of improvements in the predictive power
of shell-model calculations. Precise values of the magnetic moments of neutron-rich
sodium isotopes up to N = 20 were obtained from hyperne structure measurements
performed by high-resolution laser spectroscopy [6]. Electric quadrupole moments
are particularly sensitive to deformation. However, for light elements it is very dif-
cult to resolve the small quadrupole interaction of the atomic hyperne structure.
That is why double resonance experiments by Touchard et al. [10] yielded only up-





In the experiments described here, the technique of collinear fast beam laser spec-
troscopy is combined with -emission detected nuclear magnetic resonance (-NMR)
[11]. The ecient optical excitation by laser light is used to polarize the nuclear
spins. The small interaction of the nuclear quadrupole moment with an internal
electric eld gradient of a crystal lattice is accessible to a measurement due to the
high resolution of NMR. A schematic picture of the experimental setup is shown in
Figure 1.
The experiments are performed at the PS-Booster-ISOLDE facility of CERN. The





target which is irradiated with the 1 GeV proton beam from the PS-
Booster. A radioactive beam of singly-charged ions is extracted from a surface ion
source, electrostatically accelerated to 60 keV and mass-separated. After neutral-
ization in an alkali-metal vapour, the sodium atoms are transmitted through the
optical excitation region. Here, in a weak longitudinal magnetic eld, the atoms
interact with the collinearly superimposed circularly polarized laser beam. The









from the F = I + 1=2 hyperne component of the ground state and thus become
spin-polarized. The polarization of the valence electrons is transferred to the nuclei
via the hyperne interaction. In this process a nuclear polarization of 50-80% can
be achieved, depending on the nuclear spin and the hyperne splitting.
The spins of the polarized sodium isotopes are rotated adiabatically into the direc-
tion of the strong transverse magnetic eld of the -NMR setup. Here, the atoms
are implanted into an appropriate host crystal lattice. As a consequence of the
nuclear polarization, the angular distribution of the emitted -particles is asym-
metric with respect to the magnetic eld axis. This is detected with the help of




with respect to the eld direction.
Radiofrequency (rf) is applied to a pair of coils irradiating the sample and induc-
ing transitions between the nuclear Zeeman levels. At resonance the levels coupled
by the rf eld become equally populated, and the polarization and thus the decay
3
asymmetry is reduced. The measuring sequence has to allow for the proton pulse
structure (typically one pulse every 4.8 s) which denes the natural stepping time
for the radiofrequency. The integration time for each channel of about 3 half-lives
starts with the impact of the protons on the production target. During this time
the rf is continuously applied to the sample.
In a cubic host lattice the equidistant level spacing is given by the Larmor fre-
quency which corresponds to the magnetic dipole moment and the nuclear spin I.
For a measurement of the electric quadrupole moment, the nuclei are implanted
into a host lattice with non-cubic symmetry. There, the charge distribution around
certain lattice sites results in a non-vanishing electric eld gradient h
ZZ
i. The ad-
ditional interaction with the electric quadrupole moments shifts the Zeeman levels
and causes a splitting of the NMR signal into 2  I equidistant components. This





i at the lattice site of the implanted nuclei.
Results
The production yields of all isotopes up to
31
Na were found to be sucient for
the detection of -decay asymmetries. These asymmetries vary between 18% and
40%, and they are roughly consistent with the known -decay properties and the
assumption of 50% nuclear polarization. The detailed results are given in Table 1,
together with the typical number of counts in our detectors (about 10% solid angle)
produced by one proton pulse.
In the -NMR experiments, it turned out that the search for an appropriate non-




Na in a commercially available NaNO
3
crystal of which the electric eld
gradient at the site of sodium nuclei is known. The same is true for metallic single
crystals of magnesium and beryllium which are common non-cubic target materials
for -NMR studies [11]. In all these lattices the eld gradient is obviously too small
to give a resolved splitting for the surprisingly small quadrupole moments. Only in
LiNbO
3
, where the quadrupole interaction of stable as well as radioactive lithium
4













Na which correspond to transitions between Zeeman levels with
m
I
 0. As in the polarization process the population is accumulated to levels with
positive m
I
values, the amplitudes of these lines are enhanced.
The solid curve is the result of a least square t using equidistantly separated gaus-
sians. For
26
Na, the resonance of atoms implanted at lattice sites with very small
or vanishing eld gradient is taken into account by an additional line at the Larmor
frequency.
The resonances obtained for the dierent isotopes exhibit rather dierent line widths.




Na which have very small
quadrupole splittings. The broadening of the
28
Na line to about 200 kHz roughly
scales with the much larger quadrupole interaction constant. This indicates that
quadrupole interaction is responsible for the line broadening.
The nuclear polarization of the investigated Na isotopes implanted in LiNbO
3
is well
preserved during the half-lives ranging from 1 s down to 30 ms. A relaxation curve,




= 1:07 s) is shown
in Figure 4. The quantitative description of this curve has to account for at least
two exponential decay components corresponding to T
1





= 30:5 ms) is too short for a relaxation measurement, it is
dicult to investigate the inuence of the quadrupole interaction on the relaxation
process.
The relaxation in other non-cubic host crystals also exhibits a two-component be-
haviour with T
1
values between 100 and 300 ms for the fast component and between
1 and 10 s for the slow one. The relative strengths of these components are quite dif-
ferent. Only in the cubic NaF the slow component of T
1
=14 s clearly predominates.
The total asymmetry extrapolated to the time of implantation varies between 15%
(NaNO
3
) and 32% (NaF). As the nuclear polarization achieved in the optical pump-
ing of free atoms is independent of the crystal, this suggests a very fast unresolved
relaxation component or a crystal dependent destruction of polarization during the
implantation.
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The eld gradient for sodium implanted in LiNbO
3
is so far unknown, which means
that no absolute values for the quadrupole moments can be deduced. However, as
the eld gradient is isotope-independent, the ratios of quadrupole moments can be







i  e=h . For comparison, the results of recent shell-









good agreement with the theoretical value, whereas only the sign and the order of









A rough estimate of h
ZZ
i for implanted sodium nuclei can be derived from the
well-known interaction of lithium in LiNbO
3
[12, 13]. The assumption that in the
implantation process the sodium atoms come to rest at the lattice site of the chem-
ically equivalent lithium yields (from the systematics of the Sternheimer antishield-














Na)j < 25 mbarn which is derived from the shape of the unresolved spectrum
measured in NaNO
3
and the value of h
ZZ
i at the substitutional Na lattice site re-




Na) =  11:0 mbarn,
also supports these assumptions.
Conclusion and outlook
We present the status of an investigation of the nuclear quadrupole moments of
neutron-rich sodium isotopes performed at the PS-Booster-ISOLDE facility. It
has been shown that the experimental method combining optical pumping of a
fast radioactive beam with -NMR techniques is suitable for the determination of







Na in a LiNbO
3
single crystal. For the measurement of absolute values of
quadrupole moments, it will be necessary to nd an appropriate crystal lattice with
good relaxation properties and a known electric eld gradient for implanted sodium
atoms.




N = 20 shell closure. The decay asymmetries of all these isotopes lie between 18%
and 40%. Since the count rates decrease dramatically for the more neutron-rich
isotopes (see Table 1), it will be necessary to use more ecent -NMR techniques.
In former measurements of the quadrupole moments of lithium isotopes, several
radiofrequencies were applied simultaniously [13]. Similarly, an experiment on
8
B
used a sequential irradiation of the sample with the dierent resonance frequencies
that correspond to a given quadrupole moment [16]. Both procedures yield strongly
enhanced resonance signals, because all nuclear Zeeman states become coupled.
This work has been supported by the German BMFT under contract numbers 06
MZ 501 I and 06 MZ 566 I and by the Belgian NFWO and IIKW.
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Figure captions:
Figure 1: Schematic picture of the experimental setup






(c-axis parallel to the magnetic
eld)




(c-axis perpendicular to the magnetic
eld). The origin of the frequency scale is set to the Larmor frequency.




. The polarized sodium nuclei are
implanted in the rst 320 ms (16 channels).
Table captions:
Table 1: Count rates and -decay asymmetries for
26 31
Na implanted in the
cubic crystal lattice of NaF
Table 2: Quadrupole interaction constants 
Q









A exp. asym. [%] counts per pulse
26 32 1 10
7
27 30 1 10
6
28 40 4 10
4
29 21 1 10
4
30 18 4 10
3
31 22 2 10
2











[kHz] exp. theor. [14]
26 142.6(3.3) 1 1
27 198.6(2.4) 1.39(4) 1.09
28 1099(22) -7.7(2) -3.60
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